Measurements of the spin of stellar mass black holes (BHs) are now possible both through LIGO observations of binary BH mergers and for BHs in X-ray binary systems. The spins of BHs as inferred from LIGO observations suggest that BH spins are on the lower end of what is expected for a "flat" distribution of spins, while those from BHs in X-ray binaries tend to be large. Superradiance, a process that can effectively reduce the spin of BHs before they merge, could explain the lower observed spins in binary BH mergers for a non self-interacting light boson. In this paper, we use Bayesian analysis to infer the posterior probability distribution for the mass of a light boson that could fit LIGO data. We also analyze spins of BHs from X-ray binaries, and find that the X-ray binary data can be explained by superradiance due to a light boson with large self-interactions. We infer the mass range for such a boson that is consistent with the X-ray binary data.
I. INTRODUCTION
Spinning black holes ("Kerr" black holes, BHs) possess a region outside the event horizon where matter cannot remain in rest relative to an external observer due to the effect of inertial frame dragging. This region is known as the "ergoregion". Any plane wave (matter wave or light wave) infalling onto the BH and crossing the ergoregion co-rotates with the BH as it gets scattered, effectively extracting angular momentum from the BH. This is known as the Penrose superradiance process [1, 2] . Massive bosons can form hydrogen-like bound states around the BH and the bound state wavefunction has an overlap with the ergoregion. This allows for continually extracting angular momentum and energy from the BH by exponentially populating the bound states [3] [4] [5] [6] [7] [8] [9] [10] . Ultralight bosons in the mass range of 10 −11 eV − 10 −13 eV impact BH spins with masses in the range O(1M ) − O(100M ) where M is the mass of the sun. Measurements of BH spins in this mass range can thus be used to constrain or argue for the presence of ultralight bosons.
The advent of the Laser Interferometer GravitationalWave Observatory (LIGO) [11] has ushered a new era of observational astronomy and cosmology. LIGO data allow to infer the mass and spin of merging BHs; LIGO is expected to collect O(1000) events through its lifetime in the mass range of O(1M ) − O(100M ). Using LIGO data to constrain ultralight bosons has been considered before. In [12] they consider the six BH spin measurements from the LIGO O1 run as part of their analysis. However their analysis is not Bayesian in nature. In [13] the authors project the number of LIGO events needed to disentangle the effects of superradiance at 2σ confidence. Recently, [14] performed a Bayesian analysis on the 20 O2 LIGO events. Our analysis is consistent with their findings. However, we go beyond: for instance, we also consider the effects on superradiance by the gravitational perturbation caused by the companion BH in the binary system.
Another source of measurement of BH mass and spins are X-ray binary systems in which a star and a BH are in a binary system with the star providing the source material for the accretion disk around the BH which is visible in X-ray emissions. X-ray binaries can have very large spins, as evident from Table II , and can be powerful in constraining ultralight boson masses. In fact, several papers have already used X-ray binaries to constrain ultralight boson masses [12, [15] [16] [17] . In [12] , they use X-ray binary measurements to constrain non-interacting boson masses between 7 × 10 −14 eV − 2 × 10 −11 eV. However, they do not consider the effects on superradiance by the gravitational perturbation caused by the companion star. In [16] , they consider the effects from gravitational perturbation caused by the companion star as well as the effect of self-interactions to constrain boson masses and self-interactions. In their exclusions, they point out the possibility of the spins of the BHs being stuck on Regge trajectories. Our analysis uses BH spins and masses, somewhat different than used by [16] and we find the allowed mass range for ultralight bosons where this possibility is realized.
Our paper is organized as follows. In Section II, we briefly describe the process of superradiance for an isolated BH as well as for a BH in the presence of gravitational perturbation caused by a companion. In Section III, we present our Bayesian analysis and derive posteriors for the ultralight boson masses using LIGO data. In Section IV we analyze the X-ray binary data and derive the allowed mass range and self-interaction of the ultralight bosons that explain the data. We conclude in Section V.
II. SUPERRADIANCE AND REGGE PLOTS
Superradiance can be very efficient at extracting angular momentum from BHs when the bosons bound by the gravitational potential have a reduced Compton wavelength λ c comparable to the BH's gravitational radius R g . Thus, the gravitational fine-structure constant can be defined as
where M and µ are the mass of the BH and the boson, respectively. Notice that here we use natural units where = c = 1. However, superradiance cannot spin down a BH to arbitrarily low spins. The extraction of spin from the BH continues until the so-called superradiance condition is satisfied. The superradiance condition is a consequence of the second law of thermodynamics and can be derived by using the fact that the entropy (area of the event horizon) has to increase [3] . For a boson with wave form parametrized by Ψ ∝ e −iωt+imφ ψ(r, θ), the superradiance condition is given by
where
can be thought of as the angular velocity of the BH and χ = J M Rg is the spin of the BH with angular momentum J. We have ignored O(α 2 ) corrections to ω.
For α = µR g l, the rate of superradiance for each bound state can be approximated analytically 1 . The rate of growth of a superradiant bound state with radial, angular and magnetic quantum numbers (n, l, m) has been 1 A better approximation of the rates can be done semianalytically as has been done in [4, 12] . However, we will use the analytic approximation here.
calculated [4] and are given by
where r + = R g (1 + 1 − χ 2 ). In the limit where the self-interactions of the light bosons, or the perturbation due to the gravitational field of a companion object, are not strong to significantly perturb the superradiant wavefunctions, the growth of the number of bosons in any superradiant state can be written as
where N is the number of bosons in the superradiant state. Note that in order to extract sufficient spin from the system, ∆χ ≈ O(1), one needs to extract angular momentum (and hence have occupation levels) of order
where M pl is the Planck mass. The number of e-foldings required to reach such a high occupation number is ≈ 180. Thus, as long as the timescale of the system
superradiance will reduce the spin of the BH until the superradiance condition in Eq. 2 is no longer satisfied, and superradiance shuts off. We can use this to construct exclusion plots as a function of BH mass and spin known as Regge plots for a given boson mass and the time associated with the system. The Regge exclusion plots for LIGO BHs for certain boson masses and timescale corresponding to 10 Gyr are shown in Fig. 1 . Each Regge trajectory has multiple peaks. This happens because after the l = m level saturates the superradiant condition (Eq. (2)), the l + 1 = m + 1 level takes over. Here, we have only shown the first four peaks of the superradiance process and we will consider those in our analysis 2 . In the presence of a companion object (a BH or a star), the gravitational perturbation from the companion object will cause the superradiance levels to mix, causing superradiance to shut down [4, 16] . BHs in X-ray binaries have a companion star whose gravitational perturbation can cause level mixing in the superradiance levels and, as a result, cause the superradiance to shut down 3 . For BH binary mergers, if the BHs are formed in a binary, their superradiance evolution is affected by the companion. The gravitational perturbation due to a companion of mass M is given by
R g is the boson cloud radius and R is the distance from the companion to the BH. In presence of such a gravitational perturbation δV , the perturbed state is given by
where |ψ n,l,m is the superradiant state, |ψ n ,l ,m is the dumped state, ∆E = α l 4 µ is the energy difference for n = n, l = l and N is the normalization of the state. The superradiant state extracts spin and energy from the BH while the dumped state dumps them back in. Thus, for superradiance to be active, the net flux crossing the BH horizon needs to be positive, which translates into the following condition:
The superradiance levels that are the most active for us have n = 0, l = m. The level mixing between superradiant and dumping levels is the strongest for l = m = l−1.
3 The gravitational perturbation due to the accretion disk is subdominant [16] . Then using Eq. (8), the condition we get for superradiance to be active is
The only unknown quantity in the above condition is Rg R . If the LIGO BHs are formed in a binary, then the lifetime of the binary is controlled by the inspiral lifetime which can be related to the initial binary separation R. Assuming equal mass binaries 4 and the rate of luminosity of GW wave emission given in [18] , we can write
The spin down of a BH in presence of self-interactions will be discussed briefly in Sec. IV. See [4, 16] for a more thorough discussion. For other interesting effects and observables that have been considered in the literature for superradiance for BHs that are part of binaries see, [19] [20] [21] .
III. LIGO EVENTS
The existence of ultralight bosons would lead to a clear signature in the BH spin-mass plane in LIGO analysis. Unfortunately, the current measurements on the BHs spin magnitudes are poorly constrained since LIGO is only sensitive to the last few cycles before merger [23] .
The objective of this analysis is to calculate p(µ|{d i }), the posterior density function for the mass of the ultralight bosons µ, given the data from the 10 BH binary mergers observed by LIGO shown in Table I 5 .
A. Analysis
Before we explain our statistical analysis, we clarify the underlying assumptions we make for the calculation of the superradiance from the light boson. In presence of large self-interactions, the spin down of a BH can be significantly modified due to bosenovas and shut down of superradiance due to level-mixing [4, 27, 28] . The larger the self-interactions, the more ineffective superradiance is in spinning down the BH. However, with only 20 measured BH spins by LIGO, it will not be illuminating to add another dimension of self-interactions to our analysis. Hence, for our LIGO analysis, we assume that our light boson does not have any self-interactions. While it is true that non-interacting light bosons in the mass range we consider for our LIGO analysis have already been ruled out by X-ray binaries [12, 16] , one can formulate models to reconcile X-ray binary data with noninteracting bosons for LIGO analysis. One way to avoid X-ray binary constraints is to invoke a chameleon-like scalar which becomes massive in the presence of baryons in the accretion disk shutting down superradiance. Another possibility is a quintessence-like field whose mass is a function of time which is light in the early universe during LIGO mergers but becomes heavier later in the universe when X-ray binaries form.
For our analysis we assume that all the binaries have the same merger time τ merger . Furthermore, we do a separate analysis for two different merger timescales i.e. the shortest timescale possible for stellar-mass binaries τ merger = 10
7 yr or the longest timescale τ merger = 10
10 yr. [29] [30] [31] . We also assume that superradiance is effective throughout the merger process. We assume two scenarios for BH mergers. In the first scenario, our BHs were well separated before merger and hence spun down in isolation before merging. In the second scenario, we assume that the BHs start out in a binary hence the effects of superradiance on either BH is diminished due to the presence of gravitational perturbation from the companion [13] . We name the first one isolated scenario and the second on the companion scenario. For calculating the effect of gravitational perturbation for the companion scenario, we assume both BHs are 30M . This does not affect our results since the superradiance rates in presence of a companion are a mild function of BH masses (see Eqs. (9) and (10)).
We utilize a hierarchical Bayesian analysis [32] to derive the posterior for the light boson mass µ. Assuming that the events are uncorrelated, the joint likelihood can be expressed as
is the individual likelihood for the ith event from the measured data d i given a hyperparameter Λ. In our case, Λ is just the mass of the ultralight boson µ and θ are the set of intrinsic parameters (M 1 , M 2 , χ 1 , χ 2 ). Here, M 1 and M 2 are the masses of the BHs such that M 1 > M 2 , and χ 1 and χ 2 are their respective spin magnitudes.
Employing the joint likelihood for N obs events, the posterior density function for the ultralight bosons mass µ can be expressed as follows: Posterior distribution of the boson mass µ for the scenario where the BHs spin down in isolation before merging (left) and for when the effects of superradiance is diminished due to the presence of the gravitational perturbation due to the companion during the merge (right). For each scenario, we consider two cases for the initial spin magnitude distribution: low (blue) and flat (orange), while the black dashed line is the log-uniform distribution prior distribution assumed for µ.
marginalized likelihood and p(M 1 , M 2 ) is the mass prior for the BH masses which we take to be uniformly distributed. The term p M i j , χ i j | µ parametrizes the prior of (M i j , χ i j ) in presence of superradiance for a given mass µ of the light boson. Our superradiance prior depends on the natal BHs spin distribution p(χ I ) 6 . In this work, we consider two initial spin magnitude distributions:
In Fig. 2 , we show an example of the mass-spin magnitude prior for a boson of mass 10 −11.7 eV, assuming a flat spin magnitude distribution before superradiance takes place over 10 10 yr. Therefore, if the initial spin χ I 6 Note that superradiance extracts the mass of the BH as well. However we ignore this effect since the change in mass is of O(10%) for the BH masses we consider and is within the errors of the measurement.
lies within the superradiance exclusion region, the BH undergoes superradiance until the final BH spin χ s settles on the lowest possible Regge trajectory available to it. On the other hand, if the initial spin lies outside of the superradiance region, the BH spin magnitude at merger is just the initial spin χ I . Thus, the spin magnitude distribution for a single BH can be written as
where N is the fraction of BHs that have χ i > χ s which depends on the initial spin magnitude distribution. For the low initial spin N = (1 − χ s ) 2 and for a initial flat spin distribution, N is just (1 − χ s ). Finally, p (µ) is the prior distribution for the hyperparameter µ. We employ a log-uniform distribution with range 10 −13.3 eV ≤ µ ≤ 10 −11 eV, which is the mass range relevant for LIGO.
We perform the integral in Eq. (13) by approximating it with a discrete sum over the LIGO posterior samples of the re-weighted priors. This allows us to evaluate the likelihood in terms of the LIGO posterior probability density without reanalyzing the original LIGO data 7 . We would like to emphasize that the LIGO values from Table  I have been obtained by using uniform prior distributions in (M 1 , M 2 ), χ 1 , χ 2 (with the constrain M 1 > M 2 ). In the case of superradiance, these values will not longer hold true, because now the spin magnitude at merger will depend on the mass of the BH and the ultralight boson as seen in Fig. 2 . This observation has been overlook in previous studies [12] . Thus, the values and the 90% credible intervals of Table I are subject to variations when different prior distributions are used [38] .
B. Results
The marginal posterior distributions of the boson mass are shown in Fig. 3 for the isolated (left) and companion (right) scenarios. We assume two natal BHs spin magnitude distributions: Flat spin (blue) and Low spin (orange), which we defined in Eq. (14) . A hypothesis gets the largest support when the superradiance trajectory passes close to the observed values of the spins. This is illustrated in Fig. 4 for the best fit values of the isolated and companion case for τ merger = 10
10 yr.
For both Flat and Low spin distributions, the posterior of µ is disfavored for µ < 10 −12 eV. In this range the superradiance curves are broad enough to shift the prior of the majority of the LIGO events to unacceptably low spins, especially for GW170729, which is the most massive binary and has the BH with the largest spin.
It is known that LIGO data prefers lower spin values for BHs whose spins are isotropically oriented [39] . The Low spin distribution prior already fits the LIGO data well, hence including superradiance only improves the fit marginally. This can be seen in Fig. 3 , where a broader range of masses for the Low prior fit the data well compared to the Flat prior.
Ultimately, we are interested in testing the superradiance hypothesis against the initial spin prior choice (Flat, Low). For the isolated scenario with τ merger = 10
10 yr (and τ merger = 10
7 yr), we find a Bayes factor of ∼ 2.9 (and ∼ 2.2) for the case of flat initial spin distribution and ∼ 0.7 (and ∼ 0.7) for the case of low initial spin. For the companion case with τ merger = 10
7 yr) we find a Bayes factor of ∼ 3.8 (and ∼ 1.2) for the case of flat initial spin distribution and ∼ 2.8 (and ∼ 1.2) for the case of low initial spin. For both isolated and companion scenarios, we find a small preference for superradiance hypothesis. However, given only 20 BH spins, no conclusive, significant statistical statement can be made.
7 For e.g. see [33] [34] [35] [36] [37] where they follow a similar prescription.
IV. X-RAY BINARIES
If the ultralight bosons possess self-interactions, the perturbation created by occupation of the l state prohibits the growth of the l + 1 level due to level mixing [4] . In this section, we consider the possibility that the BHs in the X-ray binary systems in fact lie on a Regge trajectory. Our inferred values for the l of the Regge trajectory for each of the X-ray binary BHs are given in Table II . We parametrize the self-interactions by assuming a pseudoscalar boson with the Lagrangian
where Λ is the scale associated with the explicit breaking of the U (1) symmetry and f a is the scale associated with spontaneous breaking of the U (1) symmetry. Before we present our results, let us first consider the conditions that need to be satisfied for the consistency of our hypotheses.
If the BH starts with a natal spin above the l = q Regge trajectory, the l = q superradiance level extracts the spin from the BH until the BH ends on the l = q Regge trajectory. The self-interactions of the bosons occupying the l = q level then act as a perturbation for the l = q + 1 state causing level mixing of the superradiant l = q+1 and the dumped l = q−1 state [4] . This, in turn, causes superradiance to shut down and the BH to stay on the trajectory until the occupation number of l = q level drops through bosons annihilating to gravitons, so that the l = q + 1 level can proceed to extract the spin. The time spent on the Regge line is given by [16] 
where N bosenova is the maximum occupation number of the level before the boson cloud collapses in a Bosenova, and Γ a is the annihilation rate of the bosons into gravitons, given by [4, 16] N max 10
where p = 17 for l = 1 and p = 4l + 11 otherwise. Larger f a therefore corresponds to lower selfinteractions and to shorter times τ Regge spent on the Regge trajectory: the strongest upper bound on f a which parametrizes the self-interactions of the bosons therefore comes from the oldest X-ray binary (GRS 1915+105) with an age of 4 Gyr. To derive a bound on f a , we can therefore use τ Regge > 4 Gyr. Assuming that the X-ray Superradiance exclusion plots superimposed on LIGO spin measurements for the masses that have the largest posterior probability for τmerger = 10 10 yr for both isolated (solid) and companion (dashed) scenarios. Note that the LIGO spin measurements plotted are 90% confidence intervals using LIGO priors and not using superradiance priors, although they are good visual indicators to estimate which mass of the light boson µ best explains the data.
binary GRS 1915+105 has been stuck on the l = q trajectory, we get the upperbound f a 10 15 GeV, fairly independent of q. This is consistent with superradiance bounds on self-interactions coming from non-liner effects [40] . This bound also rules out a QCD axion as an explanation for the observed X-ray binary spins. The reason we consider q ≤ 3 is because higher levels are not superradiant for the most massive BH (Cygnus X-1) stuck on l = q 8 . The smaller the f a , the longer it takes for a BH to lower its spin to the Regge trajectory, since it has to undergo multiple Bosenovas while reducing its spin. However, since we don't have a prior on the initial spins of the BHs, we don't take this into account.
We do a simple χ 2 analysis of the mass required to fit the X-ray binary data. The relevant assumptions we make for the mass and spins of the X-ray binary BHs as well as the superradiance levels they are stuck on are given in Table II . The results for the 95% confidence intervals of mass for a given hypothesis are given in Table   8 As we increase q the superradiance levels become closer to each other. Hence, its possible that the high spin X-ray binaries lie on levels greater than q. This will be taken into account in future work using reasonable astrophysical priors. III. All the spins have been calculated using the continuum fitting method (see [41] for a review). The possibility that X-ray binaries can by themselves corroborate the existence of an ultralight boson is obvi- [59] , [60] N/A a Note that for Cygnus X-1 only a 3σ lower bound on spin is quoted. However since most of the error comes from the mass we assume the spin error to be 0.001 in our analysis. This shouldn't affect our results.
TABLE II. Mass and dimensionless spin magnitude of nine X-ray binaries. The level column indicates our hypothesis of the superradiant level the BHs are stuck on. The three BHs with low spins (A0620-00, LMC X-3, XTE J1550-564) have spins too low to be affected by superradiance. The other BHs are stuck on the Regge trajectory q or n where q = (1, 2, 3) and n > q. In case of asymmetric error bars we conservatively approximate the lower value to be the 1σ symmetric errors. TABLE III. 95% confidence intervals for mass µ for a given q, n. Note that the n has been chosen for a corresponding q to maximize the range of allowed masses.
ously an exciting one. However, a more careful analysis is needed to draw any definitive conclusions. A more thorough analysis of this scenario would involve taking into account the large systematic uncertainties in measuring BH spins 9 , constructing the correct superradiance priors for arbitrary f a , and comparing the likelihood of superradiance being the correct description of the data compared to reasonable astrophysical priors 10 . We leave this in-depth analysis of X-ray binaries for future work. 9 The spins presented here have used a continuum fitting method.
Disagreements exist in the literature regarding the inferred masses and spins of individual BHs using methods other than continuum fitting. 10 The BH in X-ray binaries are believed to have higher spins due to the tidal coupling of its parent star to its binary companion. A proper astrophysical prior will have to take this effect into account.
V. SUMMARY AND OUTLOOK
Superradiance is a powerful process which might offer a unique channel to detect light scalars. Effects of superradiance on BH spins have been theoretically thoroughly investigated. At present, we have two sources of data for BH spins: binary BH mergers observed by LIGO, and Xray binaries. In this paper, we discussed the possibility of detecting the presence of a light boson using both LIGO and X-ray binaries. Our key findings are as follows:
• As shown in Fig. 3 , we can statistically infer the preferred mass of a non-interacting light bosons that best fits the LIGO data. However, with only 10 detected BH binary mergers, the result is not yet statistically significant.
• The measurement of the intrinsic parameters, especially the spin magnitude, with current secondgeneration gravitational-wave detectors will remain poorly constrained [23, 61] , and a third-generation gravitational-wave detector will slightly improve it [62] . Only with two third-generation detectors, will we see any significant improvement in the spin magnitude measurements [62, 63] . Therefore, to make any inferences about the BH spins and masses, a hierarchical Bayesian modeling about the BH population is needed. With O(1000) events expected from the LIGO collaboration in the near future, data from BH binary mergers will be able to constrain or detect non-interacting light bosons [14, 22] .
• Any analysis that considers the effect of superradiance on LIGO BHs will be very sensitive to the initial BH spin distributions as well as to assumptions about the binary formation process.
• X-ray binaries have been used to constrain superradiance [12, [15] [16] [17] . It is intriguing that the seven measured BHs follow a pattern and give reasonable fit for BHs stuck on Regge trajectories (see Table III ). This is a promising direction. However, a much more careful analysis is needed to make any statistically decisive statements.
